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Xenon isotopic enrichment is easier.   Xe is 
already a gas & Xe136 is the heaviest isotope. 

Xenon is “reusable”.  Can be repurified & 
recycled into new detector (no crystal growth).  

Monolithic detector.  LXe is self shielding, 
surface contamination minimized.  

Minimal cosmogenic activation.  No long lived 
radioactive isotopes of Xe. 

Energy resolution in LXe can be improved. 
Scintillation light/ionization correlation. 

… admits a novel coincidence technique. 
Background reduction by Ba daughter tagging. 
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Why	  Xe?	   Phased	  approach:	  
1.  EXO-‐200:	  200kg	  liquid-‐xe	  TPC	  (this	  talk)	  	  

2.	  nEXO:	  5-‐ton	  liquid	  Xe	  TPC	  with	  Ba	  tagging	  
op>on	  (see	  next	  talk)	  
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•  Z-position from the time difference between scintillation and ionization 
•  Event energy from the combination of ionization and scintillation 
•  TPC allows rejection of some gamma backgrounds because Compton scattering 

results in multiple energy deposits 
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EXO-‐200	  TPC	  
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Teflon	  Reflectors	  
(increase	  light	  collec>on)	  

APD	  plane	  and	  wire	  planes	  
(wires	  are	  photo-‐etched)	  

Acrylic	  supports	  
and	  field	  shaping	  
rings	  

Kapton	  flex	  cables	  
(spring	  connec>ons	  
eliminate	  solder	  joints	  
and	  glue)	  

Central	  HV	  plane	  
(photo-‐etched	  phosphor	  bronze)	  

40	  cm	  

20	  cm	  
(half)	  



>	  25	  cm	  

25	  mm	  ea	  

High	  purity	  	  
Heat	  transfer	  fluid	  
HFE7000	  	  
>	  50	  cm	  

1.37	  mm	  

VETO	  PANELS	  

The	  EXO-‐200	  Detector	  
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Subsystems	  	  
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Notes:

1. All initialization or emergency ports to atmosphere will be 

pumped through Cu pinchoffs and sealed.

2. Color Codes:

NAVY: Pumpout & Instrumentation

BLUE: Xenon Feed

GREEN: Xenon Bleed

PINK: Signals to and from PLC

ORANGE: Instrumentation
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RED: Circulation system (note: circulation system

and Xe feed system overlap considerably)

BLACK: Xe other

BROWN: Equipment (bottles, pumps, etc.)
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XENON SYSTEM

Schematic of the EXO-200 xenon system as built at WIPP

SIZE APPROVED ON APPROVED BY REV

- 1.6.5

SCALE 1 : 1 SHEET 1 OF 1
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REV. DESCRIPTION DATE BY

1.0 Added pump out valves on purifiers (V-X15,20) 3/5/08 JW

Moved Xe pump bypass (V-X14)

Added Xe pump pump-out valve (V-X21)

I-X169

I-X171

Xe scale (load cells)

E-3

E-4E-5E-6E-7

E-8E-9E-14E-17

V-X119

V-X33 V-X34 V-X35 V-X37

V-X40 V-X42V-X41 V-X48

1.1 Added Xe bottle farm and associated valves 4/4/08 JW

Re-routed V-X52 output upstream of V-X13 LJK

Added V-X54 upstream of condenser

Removed V-X11

V-X47 becomes Xe pump inlet pump-out valve

V-X10 changes type: pneumatic → manual

Added V-X55 Xe pump dead volume pump-out valve

Added GPM1 and V-X56, 59, 61

Added GPM2 and V-X68, 69, 70

Added signal line to V-X13

Added Xe scale load cells I-X126, 128, 129, 130

V-X54

V-X56V-X4

V-X70
V-X69

I-X160

I-X126 I-X128

1.2 Removed Xe recirc. pump bottles E-12,13 4/15/08 JW

Changed Ar to N2 in purge gas bottle farm LJK

Removed E-18 & V-X4 (extraneous cryo-pump bottles?)

V-X122 changes type: manual → pneumatic

V-X8 changes type: manual → pneumatic

V-X123 changes type: manual → pneumatic

Moved snubber to closer reflect reality

Moved V-X54 output to other side of V-X46 

Moved tube between V-X52 & V-X13 to be less confusing

Added V-X60

Added V-X61
Purge gas 

bottle farm

V-X117

V-X123

V-X61

    1.3.0 Added radon trap and associated valves (V-X11, V-X71, V-X72, V-X73) 4/24/08 JW

Removed V-X91, V-X93, V-X94 LJK

Removed V-X65 and replaced with blank

Removed V-X59 and V-X68 (GPM pumpouts)

Added box around compressor testing regulator (V-X108) to include its gauges

Added V-X22 as service valve for I-X15 

Added box around feed regulator (V-X3) to include its gauges

Moved V-X45 to be service valve for I-X17

Removed V-X25

V-X11

V-X71

V-X72

    1.3.1 Added third digit in revision number 4/30/08 JW

Updated revision number in bottom right-hand corner LJK

Added “approved by” and “approved on” columns

    1.3.2 Added bypass valves for both GPMs 5/6/08 JW

Corrected in/out labels for GPM2 LJK

V-X59

V-X68

    1.3.3 Added GPM upstream baratron (I-X2) and service valve (V-X4) 5/12/08 JW

LJK

    1.3.4 Removed GPM upstream baratron (I-X2) and service valve (V-X4), since 5/27/08 JW

I-X25, V-X99 serve this purpose LJK

Added pipe numbers P-001 to P-015 along Xe recirculation loop

    1.3.5 Changed V-X52 to a manual (but pneumatic) valve and removed its computer-controlled line 5/30/08 JW

Replaced V-X8 with a manual valve and removed its computer-controlled line LJK

Changed V-X30,31,32 to pneumatic valves (allow manually conrolled)

V-X8

    1.3.6 Found duplicate valve V-X61 – changed GPM 1 output valve tos V-X4 6/25/08 JW

LJK

 V-X53

V-X25 V-X65

    1.3.7 Updated installed/not-installed plumbing (grey, dotted) 7/15/08 JW

Schematically moved plumbing around Xe bottles

Added V-X25, 65

V-X10V-X14

 V-X50

Outer cryostat

Inner cryostat

Xe vessel

V-X31

V-X32

V-X30

 V-X51

I-X23

I-X27

V-X74

I-X177

    1.4.0 Updated installed/not-installed plumbing (grey, dotted) 10/1/08 JW

F-X4 placed after purifiers

Added V-X12 on cryopump bottle

Added V-X74, V-X75 valves on N2 purge gas bottles

Added Xe circulation coloring (red) along circulation path

Changed V-X30,31,32 from pneumatic to manual to reflect current implementation

Named HFE/Xe Rosemount (dP gauge) I-HX1

Added I-X3 dial gauge on Christmas tree

Changed V-X52 to manual

I-X3

I-X175

I-X183

Diaphragm

I-X17

V-X52

I-X197

V-X22

    1.4.1 Moved V-X60, 61 closer to bottle manifold to closer reflect physical position 10/16/08 JW

Added V-X124, cryopump bottle isolation valve

V-X124

    1.4.2 Fixed pipe drawing problem near V-X13 10/19/08 JW

Removed “Christmas tree” dotted box

Added name (F-X5) to 0.5 um filter on high pressure bottle manifold

Added legend, changed flowmeter symbol to standardized one

Changed GREY/DOTTED to mean NOT INSTALLED FOR COMMISSIONING

Added labels “Compressor xx ballast”

Labeled 2
nd

 stage heat exchangers on compressors E29, E30

Cold cathode gauge
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V-X107

    1.4.3 Added secondary feed block valve. Moved feed block valves upstream of prop. Valves. 7/2/09 JW

Changed feed and bleed filter/block valve combinations to proportional valves.

Added redundant feed regulator. Added isolation valves for feed, bleed systems

Added I-X5 (Baratron)

I-X5

Diaphragm

I-X5

    1.4.4                 Moved I-X5 and I-X17 to between regulators and block valves. 

Added pumpout ports to parallel bleed proportional systems. 7/23/09 DM 

    1.4.5                 Changed name of V-X124 to V-X122 (Primary Bleed).  7/30/09 DM 

Moved V-X60 and made the regulator dial gauges obviously part of the regulators 

V-X91

    1.4.6            Added V-X91 – pump-out valve for recovery line – accidentally removed in a previous version.  9/10/09 DM 

    1.4.7            Moved V-X91 closer to heater can as it exists on the real plumbing.  9/13/09 LJK

Removed computer read-out lines on I-X115, I-X117, and I-X119

Rosemount 2

Rosemount 1

Vacuum space

Flow direction

Calibrated He leak

SAES 

purifier 1

SAES 

purifier 2

2
nd

 Stage

Compressor 2

2
nd
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st
 Stage

    1.4.8            Changed Xe pump to INSTALLED 9/18/09 JW

Changed supply line vacuum space to include condenser

Labeled Rosemounts

Moved V-X39 to appropriate vacuum space

Added equipment boxes to compressors, Xe pump, bottle farms
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Return line 
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I-X23
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Diaphragm

I-X205
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He leak

    1.4.9            Installed He leak 10/1/09 JW

Installed I-X204, I-X205, V-X136, V-X137

    1.5.0            Removed V-X113 10/5/09 JW

Added V-X93, V-X 94, V-X114 pump out valves

Added cryopump bottle gauge I-X6

Recovery line

V-X138 V-X139

    1.5.1           Added V-X138 and V-X139 10/29/09 JW

Added sample port downstream of V-X62

E-17

Sample port (2-¾” CF 

blank)

V-X148

O
U

T
                        IN

GPM3

I-X1

E-12
V-X142

V-X141

V-X144
F-X6

I-HX1

To HFE 

Rosemount head

I-HX1

Rosemount 3

(HFE-Xe dP)

V-X146

HV line purge 

valve

    1.6.1           Added GPM3 (V-X147, 148, 140); removed diaphragm pump and added magnetic pump E-12 

                                      (V-X141, 142); pump filter F-X6 (V-X143, 144, 145) and putative purge valve on 

TPC HV line (V-X146); also moved Rosemount 3 to I-X204, 205 area; also

swapped the order of F-X5 and V-X119 2/11/10 PSB

V-X140

    1.6.2           Adjusted position of GMP3, Removed F-X6 bypass valves, adjusted Rosemount 1 position, also

added secondary valves to heater, condenser and recovery vacuum valves 2/16/10 PSB

V-x93

V-X114

    1.6.3           Installed VX-71, VX-72, VX-146 and FX-6

4/29/10 PSB

V-X149

V-X151

 V-X152

 V-X150

V-X150

V-X152

    1.6.4           Removed V-X13 and V-X134.  Removed three-way valves in compressors V-X76, V-X77, 

and replaced them with a check valve and pneumatic valve (each).  V-X149, V-X150

V-X151 and V-X152

4/30/10 PSB
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Diaphragm
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V-X13

V-X13
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1 PSI

V-X170

Solenoid valve

V-X171

¼ turn valve
V-X172

¼ turn valve

V-X174

On manifold

V-X173

To Rn counter

Ar from Bottle Tent

    1.6.5           Added full enriched bottle farm; HV purge line recirculation loop plans, return line Ar purge/vent; 

fixed some orientation within drawing (GPM3); removed N2 bottle; feed regulator heater

2/17/11 PSB

V-X75

Feed Regulator Heater

(Auber Ins.)

V-X184

V-X182

F-X7

V-X183

 

V-X73

P-830P-831

I-X2

I-X2

Substan>al	  system	  required	  to:	  
• 	  Protect	  the	  thin-‐walled	  xe	  chamber	  
from	  differen>al	  pressure	  (“dp”)	  	  
• 	  Boil,	  purify,	  and	  recondense	  Xe	  
• 	  Fill	  and	  empty	  the	  detector	  
• 	  Manage	  emergencies	  
• 	  Cool	  the	  cryostat	  
• 	  Bahery	  backup	  
• 	  And	  more!	  	  



EXO-‐200	  installa>on	  site:	  WIPP	  
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• 	  	  EXO-‐200	  installed	  at	  WIPP	  (Waste	  
Isola>on	  Pilot	  Plant),	  in	  Carlsbad,	  NM	  

• 	  1600	  mwe	  flat	  overburden	  (2150	  feet,	  
650	  m)	  

• 	  U.S.	  DOE	  salt	  mine	  for	  transuranic	  waste	  
disposal	  

• 	  	  Cleanroom	  installed	  on	  adjustable	  stands	  
to	  compensate	  salt	  movements.	  

• 	  Salt	  “rock”	  low	  ac>vity	  rela>ve	  to	  hard-‐
rock	  mine	  

€ 

Φµ ~ 1.5 ×10
5 yr−1m−2sr−1

U ~ 0.048ppm
Th ~ 0.25ppm
K ~ 480ppm
Esch	  et	  al.,	  arxiv:astro-‐ph/0408486	  (2004)	  

EXO-‐200	  
loca>on	  

EXO	  area	  at	  WIPP,	  before	  installa>on	  
(2007)	  



Source	  Calibra>on	  

•  Spa>al	  distribu>on	  of	  events	  
clearly	  shows	  excess	  near	  the	  source	  
loca>on.	  	  

y
z

x	  

• 	  Calibra>on	  Sources	  are	  deployed	  	  
through	  a	  guide	  tube	  that	  wraps	  	  
around	  the	  copper	  vessel.	  

• 	  	  137Cs,	  60Co	  and	  228Th	  sources	  have	  
been	  studied.	  	  
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culng	  this	  region	  
removes	  α	  par>cles	  
and	  events	  with	  
imperfect	  charge	  
collec>on	  

228Th	  source	  
SS	  

Qββ	  

Combining	  Ioniza>on	  and	  Scin>lla>on	  

E.	  Con>	  et	  al.	  Phys.	  Rev.	  B	  68	  (2003)	  054201	  

Qββ	  

Rota>on	  angle	  chosen	  to	  op>mize	  
energy	  resolu>on	  at	  2615	  keV	  

Proper>es	  of	  xenon	  cause	  
increased	  scin>lla>on	  to	  be	  
associated	  with	  decreased	  
ioniza>on	  (and	  vice-‐versa)	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  σ/E	  (%)	  	  FWHM	  keV)	  
Scin>lla>on: 	  6.8	  	  	  	  	  	  	  	  	  	  418	  	  
Ioniza>on: 	  3.4%	  	  	  	  	  	  	  209	  
Rotated: 	  1.6%	  	  	  	  	  	  	  	  98	  
(at	  2615	  keV	  gamma	  line)	  

Use	  projec>on	  onto	  a	  rotated	  axis	  to	  
determine	  event	  energy	  
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Xenon	  Purity	  

• 	  Con>nuously	  recirculate	  Xe	  through	  
SAES	  high	  temperature	  purifiers	  using	  a	  
custom	  designed	  magne>c	  piston	  pump.	  	  	  
[Neilson	  et	  al.	  (2011)	  arXiv:1104.5041v1].	  

• 	  Average	  electron	  life>me	  for	  0νββ	  data	  
set	  was	  ~	  3	  ms	  with	  maximum	  driu	  >me	  
of	  110	  us.	  

• 	  Power	  outages	  and	  other	  events	  
occasionally	  require	  a	  small	  frac>on	  of	  
the	  Xe	  to	  be	  removed	  from	  and	  replaced	  
into	  the	  detector,	  resul>ng	  in	  ~few	  day	  
recovery	  >mes	  	  

10	  



Run	  2	  

Run	  2a	  

All	  data	  collec-on:	  92%	  
Physics	  Data:	  83%	  
Calibra-ons/tes-ng:	  9%	  	  

Run	  2a	  



Run	  1	   Run	  2a	  	   Run	  2b	   Run	  3	  

Period	   May	  21,	  11	  –	  Jul	  9,	  11	   Sep	  22,	  11	  –	  Apr	  15,12	   Apr	  16,	  12	  –	  Jun	  24,	  13	   Jun	  25,	  13	  -‐	  …	  

Live	  Time	   752.7	  hr	  

2,896.6	  hr(1)	  
3,115.48	  hr(2)	  

7,434.09	  hr	  
…	  

10,550.4	  hr	  

Exposure	  
(Xe)	  

4.4	  kg-‐yr	  

32.5	  kg-‐yr(1)	  
28.67	  kg-‐yr(2)	   …	  

3.6	  >mes	  exposure	  compared	  to	  Run	  2a	  

Publ.	   PRL	  107	  (2011)	  212501	  
PRL	  109	  (2012)	  032505(1)	  

arxiv:1306.6106	  (2)	  
…	  

T1/2
2νββ	  

(136Xe)	  	  
(1021	  yr)	  

2.11	  ±	  0.04	  stat	  ±	  0.21	  sys	  
2.23	  ±	  0.017	  stat	  ±	  0.22	  sys	  (1)	  
2.172	  ±	  0.017	  stat	  ±	  0.06	  sys	  (2)	  

T1/2
0νββ	  

(136Xe)	  	   N/A	  
>1.6-‐1025yr	  (1)	  

Analysis	  in	  progress	  

EXO	  Run	  Time	  Summary	  



Latest	  Result	  for	  2νββ	  
Single-‐Site	  Spectrum	  

• 	  Single	  and	  mul>-‐site	  spectra	  analyzed	  above	  700keV.	  	  	  

• 	  Binned	  log-‐likelihood	  fit,	  in	  both	  energy	  and	  standoff	  
distance,	  including	  2νββ	  and	  gamma	  backgrounds	  

• 	  Significant	  improvement	  made	  in	  understanding	  fiducial	  
volume,	  resul>ng	  in	  much	  improved	  systema>c	  
uncertainty	  (3%)	  

• 	  Resul>ng	  2νββ	  half-‐life	  consistent	  with	  previous	  
measurements	  

T1/2	  (1021yr)	   2.172	  +/-‐	  0.017	  (stat)	  
+/-‐	  0.060	  (sys)	  

Exposure	  (kg*yr)	   23.14	  

2νββ	  Detec>on	  
efficiency	  

57.88%	  

2νββ	  events	  from	  fit	   18984	  

Nuclear	  Matrix	  
Element	  (MeV-‐1)	  

0.0217	  +/-‐	  0.0003	  

arXiv:1306.6106	  

Mul>-‐Site	  Spectrum	  



EXO-‐200	  and	  0νββ	  

•  EXO-‐200	  limit1:	  4.6	  (1.6)	  *	  1025	  yr	  at	  
68%	  (90%)	  confidence	  	  

•  In	  conflict	  with	  discovery	  claim2	  in	  
76Ge	  for	  many	  NME	  

•  New	  result	  based	  on	  full	  Run	  II	  data	  
set	  (factor	  of	  3.6	  greater	  exposure	  
than	  Run	  IIa)	  coming	  soon	  

1PRL 109 (2012) 032505	  
2H.V.	  Klapdor-‐Kleingrothaus	  and	  I.V.	  Krivosheina,	  Mod.	  Phys.	  Leh.,	  A21	  (2006)	  1547.	  
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Deradonator	  
•  “Vacuum-‐swing	  adsorp>on”	  	  (VSA)	  Rn	  

filter	  for	  air.	  
•  Air	  forced	  through	  ac>vated	  charcoal	  to	  

filter	  Rn	  at	  atmospheric	  pressure,	  then	  
regenerated	  by	  purge	  at	  vacuum	  

•  Dual	  charcoal	  columns	  allow	  con>nuous	  
opera>on	  at	  10-‐30cfm.	  

•  Shipped	  out	  of	  UMass	  9/5/13	  
•  Installa>on	  and	  commissioning	  soon!	  	  
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The	  horizontal	  bands	  represent	  
the	  envelopes	  of	  the	  90%	  CL	  	  
limits	  expected	  (or	  obtained	  	  
For	  the	  top-‐most)	  assuming	  
various	  NME	  calcula-ons	  and	  	  
assuming	  that	  no	  signal	  as	  	  
detected	  

The	  EXO-‐200	  “Present	  limit”	  
is	  from	  PRL	  109	  (2012)	  032505	  

The	  EXO-‐200	  “Ul-mate”	  	  
sensi-vity:	  4	  yrs	  live-me	  with	  	  
new	  analysis	  &	  Rn	  removal.	  

The	  “Ini-al	  nEXO”	  band	  refers	  
to	  a	  detector	  directly	  scaled	  
from	  EXO-‐200,	  including	  its	  
measured	  background	  and	  	  
10yr	  live-me.	  

The	  “Final	  nEXO”	  band	  refers	  
to	  the	  same	  detector	  and	  no	  	  
background	  other	  than	  2ν	  
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Conclusions	  and	  Outlook	  

•  EXO’s	  first	  phase,	  EXO-‐200,	  has	  already	  had	  a	  
major	  impact	  

•  Data	  collec>on	  ongoing	  
•  Hardware	  upgrades	  in	  progress:	  	  
– Deradonator	  
– Electronics	  upgrade	  	  

•  More	  results	  coming	  soon!	  
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